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Motile cilia and flagella are microtuble-based organelles that extend from the surface of many cell types in the human body. Function of both flagella and cilia requires well-coordinated ATP-dependent interactions between the peripheral microtubuli and the axoneme.[@bib1] The basic structure of motile cilia consists of a ring of nine peripheral microtubule doublets surrounding one central pair (9+2 structure). The peripheral ring is connected to the central pair (CP) through radial spokes (RSs) and the nexin-dynein regulatory complex (N-DRC) connects adjacent doublets. The CP, N-DRC, and inner dynein arms (IDAs) are responsible for modulation and regulation of the ciliary movement while the outer dynein arms (ODAs) are responsible for beat generation.[@bib2], [@bib3], [@bib4], [@bib5] ODAs and IDAs are large multimeric protein complexes that are pre-assembled in the cytoplasm before being transported to the axonemes.[@bib6], [@bib7] The identification of proteins responsible for correct assembly, DNAAFs, and the composition of these protein complexes are critical to understand the patho-mechanisms of motile cilia-related diseases such as primary ciliary dyskinesia (PCD).

Primary ciliary dyskinesia (MIM: [244400](244400){#intref0010}) affects an estimated 1:15,000 live births and is characterized by abnormal ciliary and flagellar movement, leading to numerous severe health issues.[@bib8] Ineffective mucociliary clearance causes mucus stasis in the entire respiratory tract, leading to recurrent infections and chronic inflammation. Dysfunctional cilia at the embryonic node give rise to laterality defects such as situs inversus of the internal organs in about half of the individuals.[@bib9] In addition, PCD-affected individuals often suffer from sub- or infertility caused by dysfunction of fallopian tube cilia and sperm flagella.

PCD is a genetically heterogeneous ciliopathy owing to the large number of proteins that are involved in ciliary motility. So far, autosomal-recessive mutations in 30 genes account for an estimated 70% of cases.[@bib10] Genetic analyses of PCD-affected individuals identified several autosomal-recessive mutations in genes encoding for axonemal subunits of the ODA and ODA-docking complexes (ODA-DCs).[@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25] In addition, recessive mutations in genes encoding other components of the ciliary motility apparatus as well as proteins required for motile ciliogenesis have been identified to be disease causing. An overview of these genes is given by Werner and colleagues.[@bib26] Among those are also genes encoding proteins involved in cytoplasmic pre-assembly of ODA and IDA that have emerged from mutation analyses of PCD-affected individuals: DNAAF1 (LRRC50 \[MIM: [613190](613190){#intref0015}\]),[@bib27], [@bib28] DNAAF2 (KTU \[MIM: [612517](612517){#intref0020}\]),[@bib29] DNAAF3 (C19orf51 \[MIM: [614566](614566){#intref0025}\]),[@bib30] DNAAF4 (DYX1C1 \[MIM: [608709](608709){#intref0030}\]),[@bib31] DNAAF5 (HEATR2 \[MIM: [614864](614864){#intref0035}\]),[@bib32] LRRC6 (MIM: [614930](614930){#intref0040}),[@bib33] ZMYND10 (MIM: [607070](607070){#intref0045}),[@bib34], [@bib35] SPAG1 (MIM: [603395](603395){#intref0050}),[@bib36] and C21ORF59 (MIM: [615494](615494){#intref0055}).[@bib37] Additionally, two X-linked PCD variants have been reported and are associated with syndromic cognitive dysfunction or retinal degeneration caused by mutations in *OFD1* (MIM: [311200](311200){#intref0060}) and *RPGR* (MIM: [312610](312610){#intref0065}), respectively.[@bib38], [@bib39] Here, we describe another example of X-linked non-syndromic PCD caused by mutations in *PIH1D3*.

We assembled a cohort of 75 PCD-affected individuals. Diagnosis of PCD was based on a combination of clinical symptoms and examination of ciliary motion by high-speed videomicroscopy (HSVM), ciliary ultratructure by transmission electron microscopy (TEM), and nasal nitric oxide production rate. We first excluded individuals from the Volendam population carrying a previously identified *CCDC114* founder mutation.[@bib22]

We screened these 75 PCD-affected individuals with a targeted-exome panel of 310 genes. This panel included 26 PCD-associated genes and a subset of candidate genes. These candidate genes were selected based on (1) at least 10-fold higher gene expression via RNA microarray (data not shown) during in vitro ciliogenesis of human airway epithelium cells, and (2) a previous association to ciliary or flagellar proteins or processes in published candidate gene lists and the Gene Network database. Signed and informed consent was obtained from all individuals fulfilling the diagnostic criteria of PCD and their family members, according to protocols approved by the Institutional Ethics Review board at the VU University Medical Center (Amsterdam, the Netherlands) and by the Institutional Ethics Review board at the University of Muenster (Muenster, Germany). Targeted-exome sequencing of genomic DNA was performed at the VU University Medical Center and at the Cologne Center for Genomics (CCG). For enrichment, the Truseq DNA LT Sample prep kit or the NimbleGen SeqCap EZ Human Exome Library v.2.0 was used. Enriched preparations were sequenced with the HiSeq2000 platform or the HiSeq2500 (Illumina) as paired end 2 × 100 base pairs reads. The 30× coverage reached 92.4%. Sequencing reads that passed quality filtering were mapped to the reference genome sequence (hg19). Variants that were present in dbSNP, the 1000 Genomes Project, and Exome Aggregation Consortium (ExAC) with a minor allele frequency \> 0.01 were excluded. We focused on nonsynonymous mutations, splice-site substitutions, and indels following an autosomal-recessive and X-linked inheritance pattern.

This approach revealed a hemizygous mutation in *PIH1D3* (GenBank: [NM_001169154.1](ncbi-n:NM_001169154.1){#intref0070}, c.357_363del \[p.Val120Leufs^∗^6\]) in PCD-10 II-1 ([Figure 1](#fig1){ref-type="fig"}A) and a hemizygous nonsense mutation (c.355C\>T \[p.Gln119^∗^\]) within exon 6 of *PIH1D3* OP-1899 II-1 ([Figure 1](#fig1){ref-type="fig"}A). Neither mutation is reported in genomic variant databases such as dbSNP, 1000 Genomes, the Exome Variant Server (EVS), or the ExAC database. Both affected individuals show classical PCD symptoms such as chronic sinusitis, chronic otitis media, and chronic lower respiratory tract infections as well as bronchiectasis in the middle lobe and mucus plugging (shown for OP-1899 II-1 in [Figure 1](#fig1){ref-type="fig"}B). In addition, both have situs inversus totalis (shown for OP-1899 II-1 in [Figure 1](#fig1){ref-type="fig"}B) and neonatal respiratory distress syndrome, a typical finding often present in PCD. Nasal nitric oxide measurement, high-speed videomicroscopy in sequential monolayer-suspension cell culture, and transmission electron microscopy (TEM) was performed on all individuals of the PCD-10 family as previously described.[@bib22] Nasal NO production rate was measured either by using a hand-held Niox Mino (Aerocrine) or EcoMedics CLD88 (Duernten) and was low in all affected individuals ([Table 1](#tbl1){ref-type="table"}). Careful analysis of cilia from PCD-10 I-1, PCD-10 II-1, PCD-10 II-2, and OP-1899 II-1 showed complete immotilite respiratory cilia ([Movies S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}) when compared to control subjects ([Movies S3](#mmc4){ref-type="supplementary-material"} and [S4](#mmc5){ref-type="supplementary-material"}). OP-1899 II-1 showed complete immotile sperm flagella ([Movie S5](#mmc6){ref-type="supplementary-material"}) when compared to control subjects ([Movie S6](#mmc7){ref-type="supplementary-material"}). The motility findings in respiratory cilia and sperm flagella are consistent with a loss of ODA. Additionally, PCD-10 II-1 and PCD-10 II-2 had undergone fertility testing in the past, which showed largely immotile sperm flagella. TEM analyses of respiratory cilia of all affected showed absence of ODAs and a possible reduction of IDAs ([Figure 2](#fig2){ref-type="fig"}A).

To explore the possibility of an X-linked recessive inheritance mode in both families, we investigated the pedigrees ([Figure 1](#fig1){ref-type="fig"}A). Individual PCD-10 II-1 has a brother (PCD-10 II-2) and uncle (PCD-10 I-1) with similar respiratory symptoms and a history of sub- or infertility ([Table 1](#tbl1){ref-type="table"}). Sanger sequencing confirmed the mutation in PCD-10 I-1, PCD-10 II-1, and PCD-10 II-2 and in one of the alleles of the mother of individuals PCD-10 II-1 and PCD-10 II-2, confirming an X-linked recessive inheritance mode ([Figure 1](#fig1){ref-type="fig"}A). Pedigree analysis of family OP-1899 shows that OP-1899 II-1 has two unaffected brothers who did not carry the hemizygous mutation. Segregation analyses in family OP-1899 revealed that this is a de novo mutation. We sequenced *PIH1D3* in an additional 40 male PCD-affected individuals with ODA or combined ODA/IDA defects for mutations in *PIH1D3* but did not identify additional mutations.

*PIH1D3* (also known as *CXorf41*) is located on chromosome Xq22.3, comprises 8 exons, and encompasses approximately 38 kb of genomic DNA. PIH1D3 is one of four members of a protein family interacting with Hsp90 (PIH1). Studies in *Chlamydomonas* suggest that PIH1 functions in the preassembly of axonemal dyneins but may also function in preribosomal RNA processing.[@bib40], [@bib41] Mutations in *DNAAF2/KTU*, also containing a PIH1 domain, cause PCD by interferring with cytoplasmic preassembly of both ODAs and IDAs in respiratory cilia and sperm flagella.[@bib29] Further, *PIH1D3* mouse and zebrafish orthologs have previously been linked to flagellar motility defects and polycystic kidney disease, respectively.[@bib41], [@bib42] *Pih1d3*^−/−^ mice almost completely lack sperm ODAs and show a reduced number of IDAs. The mutations we identified in both families lie in the crucial PIH1 domain ([Figure 1](#fig1){ref-type="fig"}C) and are expected to cause either a truncated protein or no protein at all as a consequence of nonsense-mediated mRNA decay (NMD).

To assess the functional impact of the c.357_363del mutation, we synthesized cDNA from isolated RNA of respiratory ciliated cells of PCD-10 I-1, PCD-10 II-1, and PCD-10 II-2 and a healthy control subject. RNA was isolated after sequential monolayer-suspension cell culture, as described previously.[@bib22] PCR amplification of cDNA was carried out with primers for exons 5 and 7 of *PIH1D3*. PCR amplified one transcript in wild-type cells and two transcripts in mutant cells ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Sequence analysis of mutant mRNA revealed a transcript that includes the c.357_363del in exon 6 and an alternative splice product that skips exon 6. Each of these transcripts alters the reading frame to introduce a premature termination in exon 6 and exon 8, respectively, resulting in truncated proteins of 125 amino acids (c.357_363del) and 181 amino acids (alternative splice product), respectively. This is in contrast to the 214 amino acid full-length protein.

To determine whether NMD degrades these transcripts, we incubated respiratory cells of individual PCD-10 I-1 with 0.25 mg/mL cycloheximide for 4.5 hr to stabilize the RNA by blocking protein translation.[@bib22] qPCR of cDNA from respiratory cells of PCD-10 I-1 with and without cycloheximide incubation showed a 76% reduced expression of *PIH1D3*, relative to housekeeping gene *VCP*, in cells without cycloheximide ([Table S1](#mmc1){ref-type="supplementary-material"}). Sequence analysis ([Figure S1](#mmc1){ref-type="supplementary-material"}A) showed that while the two aberrant transcripts are present in equal proportion in cells without cycloheximide incubation, the transcript containing the c.357_363del is produced predominantly in cells with cycloheximide incubation. The transcript that skips exon 6 is probably caused by loss of exonic splice enhance sites and produces p.Tyr112Leufs^∗^32. This transcript terminates in the last exon, presumably rendering the transcript insensitive to NMD. The transcript containing the c.357_363del results in p.Val120Leufs^∗^6 but is subject to NMD, as was shown in cDNA from cells cultured with or without cycloheximide ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Both of these transcripts, if translated, will lead to severely altered proteins that are functionally inactive. The c.355C\>T mutation in individual OP-1899 II-1 introduces a stop codon just one triplet before the c.357_363del variant does and it is therefore expected to cause a similar effect.

Next we performed western blot analysis to investigate the effect of the c.357_363del mutation at the protein level. Nasal epithelial cells were lysed in NuPAGE LDS Sample Buffer with NuPAGE reducing agent to produce a whole cell lysate, which was subjected to gel electrophoresis in NuPAGE 4%--12% BT gels using the XCell SureLock electrophoresis system. Proteins were transferred to nitrocellulose membrane using the iBlot Dry Blotting system (Invitrogen) and blocked in Odyssey blocking buffer (Westburg). The membrane was incubated overnight in Odyssey blocking buffer with 0.1% Triton X-100 with primary antibodies against *PIH1D3* and actin. Details of the antibodies used are shown in [Table S2](#mmc1){ref-type="supplementary-material"}. Secondary antibody incubation was performed for 1 hr with the IRDye 800 CW goat anti-rabbit IgG and the IRDye 680 CW goat anti-mouse IgG antibodies. The Odyssey infrared imaging system equipped with the Odyssey v.4 software (LI-COR Biosciences) was used to visualize fluorescence. Examination of respiratory epithelial cell lysates from individuals PCD-10 I-1, PCD-10 II-1, and PCD-10 II-2 failed to detect PIH1D3 in contrast to the healthy control ([Figure S1](#mmc1){ref-type="supplementary-material"}).

To further characterize the ultrastructural defect caused by loss of function of *PIH1D3*, we performed high-resolution immunofluorescence (IF) analyses of control and *PIH1D3* mutant respiratory cilia and sperm flagella as previously reported.[@bib12], [@bib22] High-resolution IF images were taken with a Zeiss Apotome Axiovert 200 or a Zeiss LSM880 and processed with AxioVision 4.8 or ZEN Black and Adobe CS4. Confirming the ODA defect previously observed by TEM, we found complete axonemal absence of the ODA heavy chains DNAH5 ([Figure 2](#fig2){ref-type="fig"}) and DNAH9 in mutant respiratory cilia ([Figure S2](#mmc1){ref-type="supplementary-material"}) and complete loss of the ODA intermediate chains DNAI1 and DNAI2 in mutant respiratory cilia ([Figure S3](#mmc1){ref-type="supplementary-material"}). Thus, *PIH1D3* deficiency results in abnormal assembly of type 1 as well as type 2 ODA complexes.[@bib1], [@bib43] Additionally, DNAI1 and DNAI2 were both absent from mutant sperm flagella ([Figure 3](#fig3){ref-type="fig"}), indicating that assembly of both ODA types is also disturbed in sperm cells, similar to findings in the *Pih1d3*^−/−^ mice.[@bib17] Interestingly, the inner dynein arm light chain DNALI1 was greatly reduced or absent in the respiratory ciliary axonemes ([Figures 2](#fig2){ref-type="fig"}E--2G). These findings are consistent with a defective cytoplasmic preassembly of ODAs and IDAs. However, normal localization of GAS8 and CCDC114 along the mutant ciliary axonemes shows that the N-DRC and ODA-DCs are not affected by loss of function of PIH1D3 ([Figures 2](#fig2){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}). In contrast to our finding, respiratory cells are not disrupted in *Pih1d3*^−/−^ mice. This can probably be explained by a species difference. Mice have two copies of *Pih1d3*, on the X chromosome and on chromosome 1, whereas *PIH1D3* in humans is located solely on the X chromosome.

The function of human *PIH1D3* has not been previously investigated and the precise function of mouse *Pih1d3* has likewise remained largely elusive. Dong et al. hypothesized that PIH1D3 may play a role in dynein arm stabilization as they detected endogenous protein-protein interaction between PIH1D3 and the chaperones HSP70 and HSP90 as well as DNAIC2 in mouse sperm. However, interaction with DNAAF 1, 2, and 3 was not described.[@bib41]

In order to better understand *PIH1D3* function within this machinery, we performed a yeast two-hybrid (Y2H) screen using *PIH1D3* as a bait to test interaction with several genes previously associated with PCD, including dynein arm assembly factors (DNAAFs), genes possibly involved in dynein arm transport (*WDR69*, *IFT46*), and others. Direct interaction between *PIH1D3* and possible interactors was tested as previously described.[@bib31] Human *PIH1D3* and *HSP90* clones were purchased from Origene. All other cDNAs have been previously cloned by nested PCR from human bronchial epithelial cell cDNA (ScienCell) using KOD polymerase according to manufacturer's directions as previously described.[@bib24] Due to its large size (making it unsuitable for Y2H screening), *HSP90* cDNA was subcloned in fractions and similarly to all other cDNAs, recombined with pDONR201 Gateway vector via BP Clonase II reaction. Subsequently, cDNAs were subcloned into 3xHA and 3xFLAG epitope-tagged Gateway destination vectors via LR Clonase reaction. All cDNA clones were confirmed by sequence analysis and matched RefSeq gene accession numbers. *HSP90* was used as a positive control and all tested genes are shown in [Table S3](#mmc1){ref-type="supplementary-material"}. This led to the identification of two possible PIH1D3 interactors ([Figure 4](#fig4){ref-type="fig"}A): DNAAF2/KTU and DNAAF4/DYX1C1. To confirm these interactions on the protein level, we performed co-immunoprecipitations using overexpression of tagged versions of the proteins in HEK293T cells. Whole-cell extracts and western blots were conducted as previously described.[@bib44] Plasmids expressing C-terminal FLAG-tagged PIH1D3 were co-transfected with plasmids expressing C-terminal HA-tagged DNAAF2, DNAAF4, CCDC103, or p63 in HEK293T cells. At 24 hr after transfection, cells were lysed on ice in lysis buffer (50 mM Tris-HCl \[pH 7.5\], 150 mM NaCl, 1% NP-40) supplemented with complete protease inhibitor cocktail (Roche Diagnostics). Lysates were incubated with either anti-FLAG M2-agarose from mouse (Sigma-Aldrich) or anti-HA affinity matrix (Roche) for 2--3 hr at 4°C. After incubation, beads with bound protein complexes were washed in ice-cold lysis buffer. Subsequently, 4× NuPAGE sample buffer was added to the beads and heated for 10 min at 70°C. Beads were precipitated by centrifugation, and supernatant was analyzed on NuPAGE Novex 4%--12% Bis-Tris SDS-PAGE gels. After blotting overnight at 4°C, blots were stained with mouse anti-FLAG or mouse anti-HA. Fluorescence was analyzed on a LI-COR Odyssey 2.1 infrared scanner. Full unprocessed western blotting scans are shown in [Figure S5](#mmc1){ref-type="supplementary-material"}. PIH1D3 was consistantly able to precipitate DNAAF2/KTU and DNAAF4/DYX1C1 and vice versa ([Figure 4](#fig4){ref-type="fig"}B). Our results using human cells confirm findings by Dong et al.[@bib41] for mouse sperm. Similarly to the murine Pih1d3, human PIH1D3 interacts with the chaperone HSP90. In addition we detected protein-protein interactons between PIH1D3 and DNAAF2/KTU as well as DNAAF4/DYX1C1, indicating that PIH1D3 is possibly involved in dynein arm assembly and/or important for facilitating assembly enabled by these other DNAAFs ([Figure 4](#fig4){ref-type="fig"}C). Interestingly, in contrast to *DNAAF2/KTU* or *DNAAF4/DYX1C1* deficiency that results in absence of ODA type 2,[@bib15], [@bib22] deficiency of *PIH1D3* results in absence of ODAs type 1 and type 2. This observation indicates that the assembly of ODA type 1 is PIH1D3 dependent and can occur independently from DNAAF2/KTU or DNAAF4/DYX1C1. Our results show an essential role for human PIH1D3 in the cytoplasmic preassembly process of both ODA types and IDAs, probably by stabilizing the formation of the DNAI1-DNAI2 complex.

Here we describe mutations in *PIH1D3*, a gene on the X chromosome, in PCD-affected individuals without coseggregation of severe intellectual disability or retinitis pigmentosa. This is of major clinical importance as symptoms related to primary ciliary dyskinesia were not the primary cause of diagnostic procedures undertaken in individuals described with pathogenic variants in cases presenting with mutations in the X-linked genes *RPGR* and *OFD1*.[@bib38], [@bib39], [@bib45] Because mutations in other PCD-associated genes usually present with an autosomal-recessive mode of inheritance, it is possible that X-linked inheritance might be overlooked, especially in male cases (1) without syndromic coseggregation, (2) without knowledge of the entire pedigree, or (3) without siblings or with only female siblings. Additionally, loss of function of *PIH1D3* results also in sperm immotility and male infertility caused by disrupted assembly of ODAs in sperms, similar to findings observed in *DNAAF2/KTU* mutant individuals.[@bib15] Although it was previously shown that knockout of *Pih1D3* in mice results only in sperm defects,[@bib17] here we show that human *PIH1D3*, located on the X chromosome, encodes a dynein axonemal assembly factor in respiratory cilia and sperm flagella. *PIH1D3* loss-of-function mutations cause classic PCD phenotype with ciliary and sperm immotility in humans.
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![Results of the Mutational Analyses in *PIH1D3*, Pedigrees of the PCD-Affected Families PCD-10 and OP-1899, and Clinical Features of OP-1899 II1\
(A) Hemizygous loss-of-function mutations in *PIH1D3* located on the X chromosome were identified in two families. Pedigree of PCD-affected families PCD-10 and OP-1899. PCD-affected siblings are shaded black and the unaffected sibling is shaded white.\
(B) The chest X-ray radiograph as well as two computed tomography scans show situs inversus totalis, chronic airway disease with bronchiectasis in the middle lobe, and mucus plugging in OP-1899 II1.\
(C) Exon-intron structure of *PIH1D3*. The exon-intron structure of *PIH1D3* with untranslated (light gray) and translated (black) regions and the PIH1 domain (dark gray).](gr1){#fig1}

![Loss-of-Function *PIH1D3* Mutations Result in Absence of Outer and Inner Dynein Arms in Respiratory Epithelial Cells\
(A) The analysis of transmission electron microscopy cross-sections from respiratory cilia from OP-1899 II1, PCD-10 I1, and PCD-10 II2 showed a normal 9+2 architecture with absence of outer dynein and inner dynein arms. Scale bars represent 200 nm.\
(B--D) Respiratory epithelial cells from control (B) and PCD-affected individuals OP-1899 II1 (C) and PCD-10 II2 (D) were double-labeled with antibodies directed against outer dynein arm heavy chain DNAH5 (green) and the N-DRC component GAS8 (red). Both proteins colocalize along the cilia in cells from the unaffected controls (B, yellow). In contrast, in mutant cells, DNAH5 was absent from or severely reduced in ciliary axonemes (C and D). The green staining in the nuclei observed in (C) is most probably background.\
(E--G) Cells were double-labeled with antibodies directed against acetylated tubulin (green) and the inner dynein arm light chain DNALI1 (red). In unaffected control cilia, both proteins colocalize along the ciliary axonemes (E, yellow). In contrast, in cells of individuals carrying *PIH1D3* mutations, DNALI1 was absent from or severely reduced in the ciliary axonemes (F and G). The red staining at the ciliary base is an artifact caused by the polyclonal rabbit antibody.[@bib46] Nuclei were stained with Hoechst33342 (blue). Scale bars represent 10 μm.](gr2){#fig2}

![*PIH1D3* Mutant Sperm Flagella Are Deficient for the Outer Dynein Arm Intermediate Chains DNAI1 and DNAI2\
Sperms were double-labeled with antibodies directed against acetylated tubulin (green) and DNAI1 or DNAI2 (both in red). DNAI1 and DNAI2 colocalize with acetylated tubulin along the flagellum in sperms from unaffected controls (yellow) (A and C). In contrast, in *PIH1D3* mutant sperm tails, DNAI1 (B) and DNAI2 (D) were absent from flagellar axonemes. Nuclei were stained with Hoechst33342 (blue). Scale bars represent 10 μm.](gr3){#fig3}

![Identification of *PIH1D3* Interacting Genes\
(A) Y2H assays show strong interaction of *PIH1D3* with *DNAAF2* and *DNAAF4*. Lamin-C-pBD- Gal4-pAD was used as a negative control and Gal4-pBD - Gal4-pAD as a positive control.\
(B) Confirmation of PIH1D3 interactors from the Y2H screen by co-IP from HEK293T cells. Co-expressions of tagged versions of PIH1D3 and either DNAAF2 or DNAAF4 revealed protein-protein interactions with DNAAF2 and DNAAF4 (left, western-blot anti-Flag; right, western blot anti-HA).](gr4){#fig4}

###### 

Diagnostic Characteristics

  **Affected Individuals**   **TEM Defect**     **HSVM**   **nNO (nL/min)**   **Nasal Congestion**   **Neonatal Period**             **SI**   **Chronic Otitis Media**   **Recurrent Respiratory Infections**   **Chronic Wet Cough**   **Fertility Defect**
  -------------------------- ------------------ ---------- ------------------ ---------------------- ------------------------------- -------- -------------------------- -------------------------------------- ----------------------- -------------------------
  PCD-10 I:1                 ODA                immotile   2                  yes                    unknown                         no       yes                        yes                                    yes                     yes, 2 adopted children
  PCD-10 II:1                not enough cilia   immotile   5                  yes                    pneumonia                       yes      yes                        yes                                    yes                     yes
  PCD-10 II:2                ODA                immotile   4                  yes                    pneumonia                       no       yes                        yes                                    yes                     yes
  OP-1899 II1                ODA                immotile   38                 yes                    respiratory distress syndrome   yes      yes                        yes                                    yes                     yes

Abbreviations: EM, electron microscopy; HSVM, high-speed videomicroscopy; nNO, nasal nitric oxide; SI, situs inversus; ODA, outer dynein arm; IDA, inner dynein arm.
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